ABSTRACT. Neonatal neutrophils have Mac-1-related functional abnormalities that may contribute to the enhanced susceptibility of neonates to bacterial infections. W e developed a flow cytometric method using differences in light scattering and CD16 expression to distinguish eosinophils from neutrophils and studied their responses to stimulation in vitro. Mean forward light scatter was 20-60% greater for adult neutrophils than eosinophils, p 5 0.001, and side scatter was 30-60% greater for eosinophils than neutrophils, p 5 0.01, both before and after stimulation. Light scatter of neonatal and adult eosinophils did not differ. Mac-l expression on adult eosinophils increased 60% after warming without specific stimulation and further increased 5-fold after incubation with 1 p M A23187, p < 0.0001. Platelet activating factor and recombinant C5a produced modest increases in eosinophil Mac-1 expression, while N-formyl-met-leu-phe and leukotriene B4 had minimal effects. Histamine and the eosinophil chemotactic factor of anaphylaxis tetrapeptides had no effect on either Mac-1 or CRI (CD35) expression. After stimulation with 1 p M A23187, eosinophils from eight healthy neonates at term expressed less Mac-l than eosin- 
Mac-l is a leukocyte membrane glycoprotein with important functions in both phagocytosis and adherence. Although other cell-surface receptors also participate in these functions, the crucial role of Mac-I and the other members of the CDI I/CD18 family in phagocyte function is demonstrated by patients with the leukocyte adhesion deficiency syndrome, in whom this family of molecules is congenitally absent. They suffer from recurrent bacterial infections, and their neutrophils have profound defects in adherence, chemotaxis. and C3bi-mediated phagocytosis ( I , 2). The mobilization of blood leukocytes to a site of infection or inflammation in the tissues requires that the leukocytes first adhere to the endothelial lining of the blood vessel and then migrate through it. These processes involve interactions of leukocyte cell-surface receptors (including C D I la/CD 18 and Mac-I) with specific endothelial ligands and are regulated by the effects of inflammatory mediators on both the leukocyte and the endothelial cell (3, 4) . The quantitative expression of C D I 1 a/ CD18 (LFA-1) on neutrophils does not change in response to stimulation, but the expression of Mac-l (and of C D 1 lc/CD 18) increases dran~atically because of rapid translocation from an intracellular storage pool to the plasma membrane surface (2, 5 , 6) . In addition, stimulation of neutrophils produces qualitative changes in Mac-1-mediated functions (3, 7) . It has been suggested that quantitative up-regulation may be more important in chemotaxis and phagocytosis than in adherence (2) .
Bacterial infection continues to be a major problem of newborn infants, especially those delivered prematurely. Deficiencies in neutrophil function are among the developmental abnormalities thought to contribute to the infectious susceptibility of the neonate, inasmuch as neonatal neutrophils have marked impairments in adherence and chemotaxis, as well as subtler defects in phagocytosis and bactericidal capacity (8, 9) . Abnormalities in Mac-l -related functions of neonatal neutrophils may have an important role in their adherence-related defects. Neutrophils from healthy human neonates at term express less Mac-I in response to stimulation than d o neutrophils from adults (10, 1 I), and neutrophils from preterm infants have a further diminution of Mac-l up-regulation compared with neutrophils of term infants ( 12) . In isolation, these differences in quantitative expression are unlikely to be significant, since the maximum levels of Mac-l on neonatal neutrophils are comparable to those on neutrophils of leukocyte deficiency syndrome heterozygotes. who have no increased risk of infection. However. Anderson el a/. (1 1, 13) have demonstrated that neonatal neutrophils d o have Mac-I-related impairments in stimulated adherence and transendothelial migration. The effects on neonatal neutrophils of the quantitative and qualitative Mac-1-related abnormalities may be magnified by abnormalities of other adherence receptors (14) .
The study of eosinophils may provide insight into mechanisms that they share with neutrophils and also illuminate the differences between these closely related types of cells. Mac-i is expressed on eosinophils and is up-regulated in response to stimulation (1 5-19) , and stimulation of eosinophils produces increased adherence, which is Mac-1-dependent in part (20, 2 1). There have been no studies of Mac-1 expression on neonatal eosinophils, and it is not known whether neonatal eosinophils have functional abnormalities. To determine whether neonatal eosinophils have a quantitative impairment in Mac-1 up-regulation similar to that of neonatal neutrophils, we developed a method for measuring Mac-1 on neutrophils and eosinophils in mixed leukocyte suspensions using dual-labeling with an anti-CD16 MAb together with light-scatter gating and studied the responses of adult and neonatal eosinophils to stimulation in vilro.
MATERIALS A N D METHODS
Stibjects. Blood was obtained from the placental side of the umbilical cord immediately after uncomplicated vaginal or cesarean deliveries of healthy infants at term gestation. Blood from healthy adult volunteers was drawn from a peripheral vein. Specimens were obtained, with appropriate consent, in accordance with an approved institutional protocol.
Materials. Except as specified, the buffer used in all experiments was Hanks' balanced salt solution, without Ca, Mg, bicarbonate, or phenol red, supplemented with 2% by volume heatinactivated FCS (GIBCO, Grand Island, NY). Stock solutions were adjusted to pH 7.35-7.40, passed through a 0.22-pm filter, and maintained sterile at 4°C. Calcium ionophore A23187, FMLP, human rC5a. PAF, LTB4, histamine, and ECFA tetrapeptides ala-gly-ser-glu and val-gly-ser-glu were obtained from Sigma Chemical Co. (St. Louis, MO).
MAb conjugated with PE or FITC were obtained from Becton Dickinson (Mountain View, CA). PE-conjugated anti-Leu-15 (anti-CD 1 1 b), FITC-conjugated anti-Leu-1 1 a (anti-CD 1 6), and the corresponding PE-and FITC-conjugated isotype-specific controls were used. Anti-CR1 MAb (anti-CD35) and an unlabeled IgG, control (Becton Dickinson) were used in a few experiments and were indirectly labeled using PE-conjugated goat anti-mouse F(ab')2 antibodies (Tago, Inc., Burlingame, CA). Fluorescent beads from Coulter Corp. (Hialeah, FL) (10 pm diameter, 2% bright) and from Flow Cytometry Standards Corporation (Research Triangle Park, NC) were used in each experiment as fluorescence and light-scattering references.
Cell processing. Blood samples were transferred to EDTAanticoagulated tubes and placed on ice immediately after collection. An adult specimen was obtained at the same time as each neonatal specimen and processed in parallel. Except as specified, samples were maintained at 0-4°C throughout the procedure, which was similar to one that we described previously (12) . Briefly, erythrocytes were removed by hypotonic lysis, and aliquots of the leukocyte suspension containing lo5 polymorphonuclear cells were incubated for 20 min at 37°C with specified concentrations of a stimulating factor in buffer containing Ca and Mg. Parallel tubes were kept on ice (0°C control) or incubated with buffer alone (37°C control). After the incubation, the tubes were placed back on ice and cold buffer containing 0.1 % sodium azide was added to each tube. The cells were washed, resuspended in 0.1 mL of the azide buffer, and double-labeled by incubation for 30 min in the dark at 0°C with saturating amounts of FITCconjugated Leu-1 l a and PE-conjugated anti-Leu-1 5 or with control antibodies. After a final wash to remove unbound antibody, the cells were resuspended in 0.3 mL of azide buffer for flow cytometric analysis. Differential counts of Wright-stained smears of whole blood and of cytocentrifuge preparations of the leukocyte suspensions were made for each specimen. Alternative preparations. In preliminary experiments, the results for cells prepared by the method described above were compared with two methods that did not utilize hypotonic lysis of erythrocytes. First, stimulation and labeling were performed on aliquots of washed whole blood, followed by incubation for 10 min at room temperature with FACS lysing solution (Becton Dickinson). The leukocytes were then washed and resuspended in cold buffer for analysis. Second, whole blood was centrifuged at 400 x g for 25 min at 4°C on discontinuous gradients of 65 and 72.5% isotonic Percoll (Pharmacia, Piscataway, NJ). Leukocyte suspensions were obtained sufficiently free of erythrocytes to allow stimulation, labeling, and analysis without any lysis procedure. In other studies, we compared our standard procedure with granulocyte suspensions of neonatal blood subjected to a preliminary centrifugation through 65% Percoll at 4°C to remove mononuclear cells and light-density neutrophils.
Eosinophilpzrr~fication. For comparison with the results of the gating procedure, purified eosinophils were obtained using a modification of the procedure of Roberts and Gallin (22) . After incubation at 37°C for 30 min with 1 pM FMLP, EDTAanticonjugated whole blood was centrifuged at 400 X g for 25 min on a discontinuous density gradient of 62.5 and 72.5% Percoll at room temperature, and the eosinophil layer was collected and washed. An aliquot of blood was kept at 0°C as a control. After hypotonic lysis of erythrocytes, aliquots of the purified eosinophils and the control leukocytes were incubated with stimulating factors and double-labeled with the MAb as described above.
Cell anall/sis. Flow cytometry was performed on a FACScan Two list-mode data sets were acquired for each specimen. First, 5000 events were collected with the red-fluorescence gain optimal for the neutrophil Mac-1 distribution, with gates for the forward versus side-scatter distribution drawn to exclude mononuclear cells. Basophils also fell in this excluded region (23) . Data for neutrophils were subsequently analyzed by gating the CD16-bright cells together with a refined light-scatter gate. Because eosinophils were a small minority of the granulocytes in most specimens, a second data set of approximately 1000 events was collected with a gate excluding the CDI 6-bright cells (neutrophils) and with the red-fluorescence gain optimized for eosinophils. As shown below, the light-scatter distributions of eosinophils and neutrophils were distinguishable. Data for eosinophils were obtained by gating for the CDl6-dim peak together with a gate encircling the eosinophil region in the light scatter distribution of the CD 16-dim cells. Because the light-scatter distributions of both neutrophils and eosinophils changed after stimulation, the positions of the scatter gates were checked for each specimen and adjusted as needed. For the illustrations, smoothed contour plots (at 15% linear intervals) were made with the Lysis program (Becton Dickinson).
Statistrcs. Repeated-measures analysis of variance was used to test for differences among the subject groups (adult and neonatal) and cell types (neutrophil and eosinophil). When differences were found by analysis of variance ( p 5 0.05), cell values for individual conditions were compared by the t test, with p i 0.01 as the criterion for significance.
RESULTS
CDI 6 and light-scatter clisrributions. Histograms of CD 16 expression (Leu-l 1 a fluorescence) and contour plots of the lightscatter distributions of four illustrative specimens are shown in Figure 1 . CD 16 expression of purified eosinophils was minimal compared with that of neutrophils, and the eosinophil and neutrophil CD16 peaks remained well separated after stimulation with FMLP or A23 187. The light-scattering properties of eosinophils and neutrophils were recognizably different in all specimens, with the eosinophil distribution centered at larger sidescatter values and smaller forward-scatter values than neutrophils. The separation of the eosinophil and neutrophil lightscatter peaks increased after stimulation.
The light-scattering distributions of eight pairs of adult and neonatal specimens were analyzed in detail (Fig. 2) . In the adult specimens, the mean forward scatter of neutrophils exceeded that of eosinophils by about 20% in the 0 and 37°C controls, p < 0.00 1, and after stimulation with FMLP or A23 187 increased to levels 40-60% greater than those of the eosinophils in the same specimens, p < 0.000 1. The mean side scatter of eosinophils was 30-60% greater than that of neutrophils in all conditions, y 5 0.01. In the neonatal specimens, the relationship of neutrophil to eosinophil light scatter was similar to the adult relationship, with differences significant at p < 0.005 except for forward scatter at the two highest concentrations of A23 187. Forward light scatter of the neonatal neutrophils was 10% greater than for adult neutrophils in the 37°C controls, but was 10-20% less than the adult neutrophil forward light scatter at the two highest A23 187 concentrations, p 5 0.00 I . Side scatter of neonatal and adult neutrophils did not differ, and there were no differences in light scattering of the neonatal and adult eosinophils. and light scatter properties of eosinophils in mixed leukocyte suspensions analyzed by the double-gating procedure were compared with those of eosinophils purified by the method of Roberts and Gallin (22) , which uses preincubation with FMLP to induce a density change in neutrophils, followed by Percoll density gradient centrifugation. A23 187-stimulated expression of Mac-1 on eosinophils in the normal mixed-leukocyte specimens was in close agreement with that of the purified eosinophils (Fig. 3,J) and was less than half that of A23 187-stimulated neutrophils. Neutrophils preincubated with FMLP and then stimulated with A23 187 (not shown) had 10-20% greater Mac-l expression than neutrophils not preincubated with FMLP. The mean light-scatter values of the purified eosinophils were close to the eosinophil values obtained by the gated analysis and were distinctly different from the light-scatter values of neutrophils ( Fig. 3B and C) . Similar agreement between purified eosinophils and the results of the gated analysis was obtained for neonatal blood specimens (not shown).
Other control studies. Preliminary studies were performed to assess the effects of different methods of erythrocyte removal. We found no differences in Mac-1 expression, before or after stimulation, between neutrophils or eosinophils briefly subjected to hypotonic saline for erythrocyte lysis, compared with cells from the same donors separated from erythrocytes by a preliminary centrifugation on Percoll. Mac-1 expression also did not differ in comparison with whole blood specimens stimulated and labeled with antibodies before erythrocyte removal using FACS lysing solution. However, this method (which also fixes the leukocytes) resulted in a much greater overlap of the light-scatter distributions of neutrophils and eosinophils than was the case for unfixed cells.
Incubation of leukocyte suspensions with FMLP, A23187, rCSa, PAF, or LTB4 resulted in prompt increases in neutrophil Mac-1 expression, which reached maximal levels by 20 min. The time course of eosinophil Mac-1 up-regulation was similar, and there were no significant changes when the incubations were continued for up to 60 min (not shown).
In a few cord blood specimens, the light-scatter distributions showed a small subpopulation of CD16-dim cells with light scattering consistent with neutrophils and distinct from the eosinophil peak. These cells were not included in our analysis of either eosinophils (excluded by the light-scatter gate) or neutrophils (excluded by gating the CD16-bright peak). For the eight pairs of specimens used for the light-scattering data in Figure 2 , this excluded group of cells numbered only 0.2 k 0. I % of adult neutrophils and 2.4 f 1.6% of neonatal neutrophils. This subpopulation was eliminated by a preliminary centrifugation of the neonatal blood through 65% Percoll at 4"C, indicating that it was composed of light-density cells. Results for Mac-l expression of the CD16-dim cells in these preparations were identical to the double-gated analysis of eosinophils in the whole-blood preparation from the same specimens (not shown).
Response to warming. The expression of Mac-1 and other membrane proteins on neutrophils may increase significantly during in vitro procedures unless the cells are kept cold (6, 24) .
To determine whether a similar phenomenon occurs for eosinophils, cells kept on ice were included in each experiment for comparison with the cells incubated in buffer at 37°C (Fig. 4) . Eosinophil expression of Mac-1 increased significantly after warming in both adult and neonatal specimens, p 5 0.0001.
However, the magnitude of the increase, about 60%, was considerably less than the increase in neutrophils. Because of this, the relationship of eosinophil to neutrophil Mac-1 expression changed after the cells were warmed. In the 0°C controls, eosinophil Mac-1 was nearly double that of the neutrophils in the adult specimens (1 1. After incubation with A23 187 at 250 nM or more, neonatal eosinophils expressed less Mac-1 than eosinophils from adults, p 5 0.001, with values averaging 67% of those of adult eosinophils. This was strikingly similar to the results for neonatal neutrophils, which also expressed less Mac-l than adult neutrophils after incubation with A23 187 at these concentrations, p < 0.001, with values averaging 68% of the adult neutrophil values.
FMLP stirnulation. The response of eosinophils to incubation with FMLP differed markedly from that of neutrophils (Fig. 6A) . Adult neutrophil Mac-1 expression increased after incubation with 1 nM or more FMLP, p 5 0.0002, to maximal values 5.1-fold greater than the control neutrophils. Adult eosinophil Mac-1 expression also increased with incubation with FMLP at concentrations of 10 nM or greater, p < 0.01, but the increase was trivial compared with that of neutrophils. As shown in Figure 6B , there was no difference in the response of adult and neonatal eosinophils to incubation with FMLP ( p = 0.47 by repeatedmeasure ANOVA). Mac-1 expression of neonatal neutrophils (not shown) was significantly less than that of the adult neutrophils after incubation with FMLP at 10 nM FMLP or more, p 5 0.0 1. Maximal values, at 1 yM FMLP, averaged 70% of the adult neutrophil mean, in close agreement with published values for term infant neutrophils (1 0-12).
Other stimulating factot's. The responses of eosinophils and neutrophils to a number of other potential activators were studied. Figure 7 shows the differing responses of neutrophils and eosinophils to increasing doses of rC5a, PAF, and LTB4. Each of these substances produced substantial up-regulation of Mac-1 on neutrophils. In contrast, Mac-1 expression on eosinophils increased only modestly after incubation with PAF and rC5a, and LTB4 had a minimal effect. The maximal effect of zymosanactivated serum (not shown) was similar to that of rC5a. Histamine (at 1-100 yM) and the ECFA tetrapeptides (at 10 nM-100 pM) had no effect on neutrophil or eosinophil expression of either Mac-1 or of CR1 after incubation at 37°C for either 30 or 60 min. In the same experiments, CRl and Mac-1 expression increased 3.4-and 3.9-fold, respectively, on eosinophils and 5.0-and 9.0-fold on neutrophils after incubation with 500 nM A23 187.
DISCUSSION
We studied the up-regulation of Mac-1 expression on neonatal and adult eosinophils, using a method that allowed comparison with neutrophils in the same specimens under identical conditions. We found that A23 187-stimulated up-regulation of Mac-1 on neonatal eosinophils was diminished relative to adult eosinophils to precisely the same extent as for neutrophils. This suggests that the underlying mechanisms, which are unknown, may be the same for both cell types. In neutrophils, the abnormality involves an impairment of mobilization of the Mac-1 from the intracellular pool, since the total cellular content of Mac-1 in adult and neonatal neutrophils does not differ (25) . Neither the location nor size of the intracellular pool of Mac-1 has been studied in either adult or neonatal eosinophils. Indeed, information about most properties of neonatal eosinophils is scanty, and it is not known if neonatal eosinophils have functional defects similar to those of neonatal neutrophils. Further investigation of neonatal eosinophils as well as neutrophils may help to illuminate the mechanisms that underlie neonatal granulocyte abnormalities.
Our interest in eosinophils was stimulated by the observation that eosinophils constituted an unexpectedly large proportion of the granulocytes in fetuses with Rh disease at 20-30 wk gestation (12) . Eosinophil counts in normal infants are higher than in adults, and preterm infants frequently develop a significant eosinophilia (26, 27) , but the function of eosinophils in neonatal host defense and inflammation is not known. Regardless of their function, the frequent occurrence of significant numbers of eosinophils in fetal and neonatal blood implies that studies of neonatal granulocytes will often require methods that can distinguish or separate eosinophils from neutrophils.
Compared with eosinophils, neutrophils express large amounts of CD16, the type I11 Fc, receptor (28) (29) (30) , and this provides a way to distinguish or isolate eosinophils from neutrophils by negative selection. Highly purified preparations of eosinophils were obtained by Hansel et al. (31) , using anti-CDI6 MAbcoated magnetic beads to remove neutrophils, and Hartnell et al. (1 7) used an anti-CD16 MAb to exclude residual neutrophils in flow cytometric studies of purified eosinophils. We found that the light-scatter distributions of eosinophils and neutrophils were sufficiently well separated to make light-scatter gating a useful adjunct to CD16 expression in distinguishing these cells in mixed leukocyte suspensions, both before and after stimulation (32) . A similar observation (for unstimulated specimens) was recently reported by Terstappen et al. (23) . We verified our gating procedure by direct comparison with the results for Mac-1 expression and light scattering of purified eosinophils.
The use of CD16 MAb to distinguish eosinophils from neutrophils may be advantageous when limited quantities of blood are available, as is often the case for neonates, and when it is important to avoid the effects of isolation procedures that can alter cell properties or select nonrepresentative subpopulations (33) . The method is subject to some limitations, however. First, it should be noted that some anti-CD16 antibodies are specific for one form of this polymorphic receptor and would not be suitable (34) . The antibody we used (anti-Leu-1 la) reacts with neutrophils from all individuals. Second, CD 16 can be shed from the neutrophil surface in viva or in vitro after activation (35) (36) (37) . To minimize in vltro shedding of CD16. we found it important to begin our experiments as soon as the blood specimens were collected and to complete the flow cytometric analysis within about 8 h.
The increase in Mac-1 expression that we found when eosinophils were incubated at 37°C in the absence of any specific stimulation is similar to the behavior previously observed for neutrophil CR1 and Mac-1 (6, 24) . This indicates that receptor expression on eosinophils as well as neutrophils is susceptible to nonspecific up-regulation during in vitro procedures. Previous studies of eosinophil Mac-1 expression have used methods involving incubation at 37°C as part of the purification procedure (15) (16) (17) (18) (19) . This probably accounts for the finding of Thorne et al. (19) that CDl l b expression was higher on neutrophils than eosinophils before specific stimulation. We found, in contrast, that Mac-1 expression of eosinophils was nearly twice that of neutrophils in adult blood specimens kept at 0-4°C.
In both 0 and 37°C control specimens, Mac-1 expression of neonatal neutrophils was greater than that of adult neutrophils in the corresponding condition. This is consistent with reports indicating an activating or priming effect on oxidative and other responses of cord blood neutrophils (10, 38, 39) . The increased forward light scatter of neonatal neutrophils at 37°C and the progressive decrease in their forward scatter with increasing concentrations of A23187 are also consistent with a priming effect (40) . In contrast, there were no differences between neonatal and adult eosinophils in Mac-1 expression or light scatter. This suggests that eosinophils may be insensitive to the factor or factors that cause priming of cord blood neutrophils during labor and delivery.
In this study, as in previous studies (1 I), neutrophil Mac-1 expression was markedly increased by a variety of stimulating factors, including the chemotactic factors C5a and FMLP, the lipid mediators PAF and LTB4, and calcium ionophore A23 187. Whereas we found that A23187 produced a large increase in eosinophil Mac-1 expression, the eosinophil responses to PAF and C5a were relatively modest, considering the potent effect that both of these substances have on eosinophil chemotaxis (4 1 -44). A similar pattern of eosinophil response was reported by Giembycz et al. (45) . who found that A23 187 produced a manyfold larger release of arachidonic acid metabolites than did PAF or C5a. The mechanisms responsible for the relative unresponsiveness of Mac-1 up-regulation on eosinophils stimulated with C5a or PAF are not known, but could involve differences in the receptors for CSa and PAF or in signal transduction mechanisms. The eosinophil receptor for C5a has recently been shown to be distinct from the neutrophil C5a receptor (46) . Because eosinophils lack a high-affinity receptor for FMLP (22, 47) , the minimal up-regulation of eosinophil Mac-1 in response to FMLP was expected, and this result confirmed the interpretation we made in a previous study, where distinct peaks corresponding to eosinophils and neutrophils were observed in the Mac-1 distributions of FMLP-stimulated granulocytes from fetuses with Rh disease (12) .
We failed to find any effect of the ECFA tetrapeptides or histamine on eosinophil expression of either Mac-1 or CR1. These substances were reported to be chemotactic for eosinophils and to enhance the rosetting of eosinophils with C3b-coated erythrocytes (48, 49) . A later study did not substantiate a significant chemotactic effect, however, and their effect on eosinophil rosetting does not appear to have been reinvestigated (42) . Our data do not support a role for a direct effect of these substances on up-regulation of eosinophil complenlent receptors.
In conclusion, we have shown that cord blood eosinophils from healthy neonates at term have a defect in quantitative upregulation of Mac-1 expression similar to that of neonatal neutrophils. It is not yet known if this irz vitro finding has independent functional significance, or whether neonatal eosinophils, like neutrophils, also have qualitative abnormalities in Mac-l-dependent functions. Further studies are needed to determine if neonatal eosinophils have impairments in adherence, transendothelial migration, and chemotaxis, and, if so, whether the underlying mechanisms are the same as in neonatal neutrophils.
